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were also quick to realize that cell death was involvedDavid L. Vaux*³ and Stanley J. Korsmeyer²
in the process of metamorphosis, both in insects and*The Walter and Eliza Hall Institute
mammals. For example, Lockshin coined the phraseof Medical Research
ªprogrammed cell deathº in 1965 to describe cell deathPost Office Royal Melbourne Hospital
in insect metamorphosis (Lockshin and Williams, 1965),Victoria 3050
and a year later Tata showed that loss of the tadpole'sAustralia
tail involved cell death that could be blocked by cyclo-²Department of Pathology and Medicine
heximide and therefore required expression of endoge-Harvard Medical School
nous genes (1966). When Kerr, Wyllie, and Currie sawDana-Farber Cancer Institute
that the morphology of liver cells exposed to toxins, andBoston, Massachusetts 02115
lymphocytes treated with hormones, was the same as
that described by the embryologist Glucksmann earlier
Physiological mechanisms of cell death are used by in the century, they coined a new term, ªapoptosis,º for
multicellular organisms for development and morpho- cell deaths with this distinct morphologyÐwhether they
genesis, to control cell number, and as a defensive strat- be in response to physiologic or pathologic stimuli
egy to remove infected, mutated, or damaged cells. Cell (Glucksmann, 1951; Kerr et el., 1972).
death is required for the normal development of almost Although the first component of a cell death mecha-
nism to be recognized was the mammalian gene Bcl2all multicellular organisms and commonly involves the
(Vaux et al., 1988), the first evidence that a genetic pro-production of excess cells and removal of those that
gram existed purely for physiological cell death cameare superfluous. Frequently in plants, and occasionally
from studying development in C. elegans (Horvitz et al.,in other organisms, cytoplasmic or structural compo-
1982; Ellis and Horvitz, 1986). The ability of human Bcl2nents of the dead cell serve important functions. The
to prevent programmed cell death in C. elegans showedprocess of cell death used by metazoans for develop-
that apoptosis in mammalian cells and programmed cellment is highly conserved and is morphologically recog-
death in the nematode were the same highly conservednizable as apoptosis. The evolution of multicellularity
process (Vaux et al., 1992).and cell specialization brought with it a need for the
regulation of cell death by intercellular signaling. The
Types of Cell Deathmechanisms that implement developmental apoptosis
While most developmental cell deaths in metazoans aremay have originated from cell-autonomous cell death
mediated by a family of cysteine proteases termed cas-processes used for defense. While the apoptosis ef-
pases (Alnemri, 1997), there are a number of other ways,fector mechanisms have been extensively character-
some of which are physiological, in which cells can die.ized, understanding of the pathways that signal and
For example, if the gene for the caspase CED-3 is mu-control developmental cell death is far from complete.
tated in C. elegans, death of the 131 somatic cells thatWhen a cell in an organism dies due to a process
are normally programmed to die during developmentencoded by that organism for the purpose of killing
does not occur (Ellis and Horvitz, 1986), but cells in theseits own cells, that death can be considered to be a
animals can still die if a metabolic process required forphysiological process. The great majority of our cells
their survival is blocked. This may be due to an externalare destined to die by just such a mechanism; relatively
event, such as a scientist's laser beam, addition of afew die through injury or inability to sustain their own
poison, or lack of a nutrient, or due to an intrinsic defectviability. In a human about a hundred thousand cells are
such as mutation of an enzyme needed to generate ATP,produced every second by mitosis, and a similar number
or expression of an altered gene product that is toxicdie by a physiological suicide process known as apopto-
to the cell. Thus, gain-of-function mutations in compo-sis. Most of the cells produced during mammalian em-
nents of the sodium channels MEC-4 and DEG-1 causebryonic development undergo physiological cell death
death of cells in C. elegans that are independent ofbefore the end of the perinatal period. During our life
CED-3, but due to malfunctioning of the plasma mem-span, over 99.9% of our cells undergo the same fate.
brane (Hall et al., 1997). Examples of the various forms
of physiological and nonphysiological cell death areRecognition of Physiological Cell Death
listed in Table 1.in Development
While interruption of a vital metabolic process willThat cell death occurs in a predictable ªprogrammedº
inevitably lead to cell death irrespective of whetherfashion in physiological circumstances was first recog-
physiological cell suicide processes are activated, in
nized by Carl Vogt who saw dying cells in the neuronal
many instances analysis of the mechanisms of cell death
system of developing toad embryos (Vogt, 1842). (How-
is complicated because cells experiencing potentially
ever, the very first cells described, those from cork and
lethal metabolic changes often react by activating their
named ªcellsº by Hooke in 1665, were also corpses
physiological death mechanisms, to commit suicide be-
that had died physiologically.) Developmental biologists
fore they are killed (Vaux and Hacker, 1995). That cell
suicide frequently occurs as a response to stress may
explain why so many agents (several thousand) with di-³ To whom correspondence should be addressed (e-mail: vaux@
wehi.edu.au). verse biochemical activities have been found to induce
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Table 1. Physiological and Nonphysiological Cell Death Mechanisms
Type of Cell Death Examples Implicated Mechanisms Uses
Apoptosis PCD in worm, Caspase effectors, signaling Development, defense,
death of mammalian cells by homophilic adaptors homeostasis
due to removal of growth using DDs, DEDs,
factors and CARDs
Physiological killing C. elegans male linker cell ? Development
CTL killing granzyme B perforin Defense
Aging Aging in animals, death ? Removal of parental
of plants in winter generation
Death of somatic cells ?
in Volvox
Terminal differentiation Mammalian erythrocytes, ? Allows recycling of DNA
keratinocytes
Plant defense against Hypersensititive response Signaling by Toll/IL-1R like Defense
microorganisms proteins (e.g., downy
mildew resistance protein
RPP5), or S/T kinases
(e.g., PTO, FEN)
Developmental cell Formation of the xylem, ? Development
death in plants holes in Monstera leaves
Toxic/nonphysiological MEC-4, DEG-1 mutants L.o.f. of essential metabolic
components; g.o.f.
mutation yielding toxic
products
e.g., diphtheria toxin, Block to vital metabolic pathway
methotrexate, antibiotics, (e.g., transcription, ATP
azide generation, DNA synthesis)
apoptosis. Thus, while many cancer chemotherapeutic it is clear they are cell death proteins. On the other hand,
the signal transduction pathways that regulate cell deathagents will elicit an apoptotic response from cells, induc-
tion of apoptosis is often not their primary mechanism. often have important roles in other cellular processes.
Is every molecule that can transmit signals influencingIn several organisms, including vertebrates, some
physiological cell deaths occur independently of cas- cell survival a cell death protein? What if cell death
results from inactivation of a nutritional pathway? Whilepases. Keratinocytes extrude their nuclei as part of their
normal program of differentiation and are eventually it has not yet been observed, it is plausible that cells
may die by starving themselves to death, for instance,shed from the skin. Mammalian red blood cells survive
for 120 days after they have lost their nuclei to finally by turning off their glucose transporters. While this kind
of cell death must be considered to be physiological ifsuccumb when they are phagocytosed. Caspases do
not appear to be involved in the eventual death of these it were genetically programmed, the primary role of the
protein may be intended for another process.enucleated cells and may not be involved in the death
of cells with inactive nuclei such as sperm and chicken
erythrocytes (Weil et al., 1998). Origins of Cell Suicide
The finding that cell death probably occurs in all multi-In C. elegans the male linker cell dies not by suicide,
but non±cell autonomously (Ellis and Horvitz, 1986). Like cellular organisms, and the same mechanisms operate
throughout the metazoa, raises the questions of howthe targets of vertebrate cytotoxic ªkillerº T lymphocytes
(Russell and Dubois, 1980), it is ªmurderedº by another these mechanisms evolved, whether plants and animals
use cell death mechanisms with a common origin, andcell. As these deaths occur due to a host process that
has evolved for the killing of its own cells, these too are whether these mechanisms evolved in single-celled or-
ganisms. The answer to these questions will requirephysiological cell deaths.
In some circumstances, normal deaths of cells may identification of the gene products responsible for cell
death in each case.be by a mixture of direct cell suicide and indirect non-
physiological cell deaths. Loss of leaves by plants in If plants and animals do turn out to share a cell death
effector mechanism, it must have evolved in their com-winter, loss of antlers by deer, or loss of a lizard's tail
to distract a predator are physiological processes that mon ancestor, which presumably had only one cell. Is
it possible for cell suicide to have evolved in single-involve the death of large numbers of cells. While some
cells at the line of abscission may die cell autonomously, celled organisms? While it is true that only a multicellular
organism would have cell death as an obligatory pro-other cells may die indirectly following loss of their sup-
ply of nutrients. gram, single-celled organisms could use suicide as a
contingent, defensive strategy. For example, to avoidSometimes it is hard to classify a protein as a ªcell
deathº protein or not. Even though some caspases have starvation or spread of infection, death of some (but not
all) single-celled organisms within a gene pool could beroles unrelated to apoptosis, such as activation of cyto-
kines (Kronheim et al., 1992; Thornberry et al., 1992), advantageous to the group as a whole. Currently there
is no strong evidence that effector mechanisms relatedmost seem to have no role other than in cell death, so
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to those that mediate apoptosis in mammalian cells The hypersensitive response in plants is used as a
defense against invasion by microorganisms and in-exist in single-celled organisms or in plants, but there
are a number of examples of physiological cell deaths volves production of antimicrobial products and death
of host cells where the threat is detected. When a leafin these organisms, suggesting that cell suicide may
have evolved as an adaptive strategy on a number of on a tomato plant detects the product of the avrPTO
gene of the bacterium Pseudomonas syringae, a signal-occasions.
In considering the physiological cell death among uni- ing pathway is activated, beginning with the serine/thre-
onine protein kinase PTO (Zhou et al., 1998). Althoughcellular organisms, it is important to recognize that even
the definition of ªsingle-celledº is not trivial. During spor- proteins such as PTO resemble metazoan protein ki-
nases, to date no caspases or Bcl2 homologs have beenulation the bacterium Bacillus subtilus forms two cells,
but only the spore cell survives (Errington, 1996). Is this cloned from plants, so they may have evolved their cell
death mechanisms independently. Nevertheless, pep-an example of cell death in a single-celled organism, or
is it cell death in a two-celled organism? The yeast S. tides designed to inhibit caspases can influence the
hypersensitivity response of tobacco leaves (Delpozocerevisiae buds asymmetrically, and the mother cell ap-
pears to be programmed to die after giving rise to twenty and Lam, 1998), but it is not yet clear whether they
are targeting proteases that are evolutionarily related toor so daughter cells. Is this kind of cell death restricted
to asymmetrical or asexual divisions? Many yeasts can metazoan caspases.
form pseudohyphae, so are they multicellular after all?
Cilliates have two nuclei, a micronucleus and a macronu- Cell Death and Defense
cleus, so are they strictly unicellular? After mating, when Just as plants use cell death as a defense against infec-
cells exchange haploid micronuclei, the old macronu- tion, so do metazoans. Since viruses are obligate intra-
cleus is destroyed, and its DNA is degraded (Prescott, cellular parasites that need to use the host cell's syn-
1994). Is this murder, suicide, or something else? thetic machinery in order to replicate, early death of the
There is evidence for cell suicide among bacteria that host cell is an ideal way to limit viral replication and
are physiological in some sense. E. coli can harbor plas- spread. Metazoans have evolved cell suicide mecha-
mids encoding both toxins and their antidotes. If a bac- nisms to counter viruses, and viruses have evolved strat-
terium is ªcuredº of the plasmid, the antidote decays egies to ensure their survival. Study of viruses that infect
faster than the toxin, and the cell dies (Jensen and insects and vertebrates has shown that they carry inhibi-
Gerdes, 1995). While this may be more properly thought tors of many steps of the apoptosis process. These
of as a host±parasite relationship, what if the plasmid include homologs of Bcl2, direct inhibitors of activated
is integrated into the host's genome? Phage exclusion caspases, molecules that prevent caspase activation by
is an altruistic response that limits multiplication of a adaptors, and inhibitors of p53.
phage and their spread through a bacterial population. The fact that these viral cell death inhibitors target
For example, the e14-encoded Lit protein in many E. the same mechanisms that are used for developmental
coli strains allows exclusion of T4 phage. A region of cell death strongly argues that the defensive and devel-
the major head coat protein gene of the phage triggers opmental apoptotic processes have a common origin,
proteolysis of translation elongation factor Tu (EF-Tu), and it also questions the prevailing dogma that inflam-
blocking translation, thereby preventing multiplication mation is not associated with apoptosis. Indeed, inflam-
of the phage, and causing death of the bacterium (Geor- mation is associated with apoptosis triggered by viruses
giou et al., 1998). and cytokines such as TNF and IFNg, and apoptosis
When food is plentiful, the slime mould Dictyostelium triggered during graft rejection. As inflammation does
discoideum multiplies as a unicellular organism, but not occur with developmental or homeostatic cell death,
when starved the individual cells aggregate to form a apoptosis may have initially evolved as a defense mech-
multicellular slug that produces a spore body on top of anism, but later, perhaps with the advent of multicellu-
a stalk consisting of dead cells. As caspase inhibitors larity, it was adopted for use during development, in
were not able to affect stalk cell death, Dictyostelium has which case inflammation was not required.
presumably evolved some other effector mechanism for
cell death (Olie et al., 1998).
Cell Death and Aging
Aging can also be considered to be a physiological cellPhysiological Cell Death in Plants
death process. For many plants, and most animals, lifeLike animals, plants use physiological cell death for de-
span is genetically predetermined. For example, tomatovelopment and for defense (Greenberg, 1996), so it may
plants senesce and die before they are 1 year of age,be that any complex multicellular organism will find cell
mice live for no more than 3 years, no matter how welldeath a useful process to have in its repertoire. There
they are treated, and humans rarely live beyond 100are many examples of programmed cell death during
years. In the life cycle of the algae Volvox, adult somaticplant development, such as death of cells that comprise
cells synchronously die to release the daughter coloniesthe vascular system, the xylem and phloem. Programmed
(Kirk, 1994). Is this an example of programmed cellcell death also occurs in the leaves of several species
death, aging, or both? The life span of C. elegans (3to form holes or to allow fronds to separate. As in meta-
weeks) is not determined by the genes that implementzoans, death of gametes occurs commonly and in physi-
apoptosis, since ced-3 mutant worms senesce and dieological circumstances (Bell, 1996; Christensen et al.,
on cue (Ellis and Horvitz, 1986). Presumably the mecha-1998). Both loss of leaves in autumn and formation of
bark are physiological cell death processes. nisms that determine life span evolved independently,
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Figure 1. Comparison of Apoptosis Effector
Mechanisms in Nematodes (Top) and Verte-
brates (Bottom)
Signals activating the apoptosis effector
mechanism may impinge at different levels,
such as by phosphorylation of BH3-only pro-
teins, induction of Bcl2 expression, or multi-
merization of adaptors such as FADD and
Apaf1.
after the evolution of multicellular organisms with sepa- DNA fragmentation is not required for cell death and
does not play any role in development. Whether it hasrate germ and somatic cell lineages. If this is true, it
is unlikely that life span in plants and animals will be any other function has not been determined.
determined by related mechanisms.
The eusocial hymenopterans (ants, bees, and wasps) Adaptors
Activation of caspase precursors is achieved by adaptordisplay a particularly striking dimorphism in their life
span. Although embryonic honey bees have equivalent proteins that bind to them via shared motifs. For exam-
ple, Caspase 8 is activated when death effector domainspotential when laid, those reared as workers have a life
span of 30±40 days, whereas those reared as queens (DEDs) in its prodomain bind to the C-terminal DED in
the adaptor FADD (Boldin et al., 1996; Muzio et al., 1996).can live for several decades (Wilson, 1971). Clearly cell
death is involved in aging and is a genetically determined Caspase 9 is activated after association of the caspase
recruitment domain (CARD) in its prodomain with theprocess that in some organisms can be radically altered
by the environment, but the genes involved and the CARD in another adaptor protein, Apaf1 (Hofmann et
al., 1997; Chou et al., 1998).nature of their action are still largely mysterious (see the
review by Johnson et al. [1999] in this issue of Cell ). The C terminus of FADD contains a death domain
(DD) that allows it to bind to the DD in the cytoplasmic
domain of CD95 (Fas/Apo-1) (Boldin et al., 1995; Chin-Apoptosis
The physiological cell death process that is best under- naiyan et al., 1995). In this way death activating signals
can be passed from the plasma membrane via FADD tostood at the molecular level is the process of apoptosis,
which was initially described on morphological grounds Caspase 8 (Boldin et al., 1996; Muzio et al., 1996).
The structures of the homotypic interaction motifsin vertebrate cells (Kerr et al., 1972) and was later linked
to the genetic pathways of programmed cell death DEDs, CARDs, and DDs are similar, consisting of six a
helices, suggesting that they have a common evolution-among invertebrate metazoans (Clem et al., 1991; Vaux
et al., 1992). ary origin (Hofmann et al., 1997; Chou et al., 1998; Ebers-
tadt et al., 1998). To date, all DED and CARD domainsGenetic and, more recently, biochemical studies have
revealed much of the effector mechanisms of apoptosis, are associated with proteins thought to be directly in-
volved in cell death pathways. Some DDs (e.g., in an-but the details of most of the signaling pathways that
can trigger apoptosis are poorly understood. The basic kyrin) can be found in proteins that do not appear to
have a cell death role.scheme of the apoptosis effector mechanism is de-
picted in Figure 1, which compares homologous pro-
teins in nematode and vertebrate systems. Regulators
The ability of the adaptors to activate the caspases can
be regulated by other proteins that appear to directlyEffectors
The key effector components of apoptosis are cas- interact with the adaptors. For example, FLIP can inhibit
caspase activation by binding to FADD (Irmler et al.,pases, a family of cysteine proteases that cleave their
substrates after aspartate residues. There are about a 1997), and the Bcl2 homolog from C. elegans, CED-9,
can prevent caspase activation by binding to the adap-dozen mammalian caspases that exist in cells as inac-
tive zymogens. Once caspases are activated, they tor CED-4 (Chinnaiyan et al., 1997; Spector et al., 1997;
Wu et al., 1997).cleave a large number of proteins within the cell, causing
its demise and resulting in the morphological changes of Antiapoptosis Bcl2 family members (CED-9, Bcl2,
BclX, BclW, A1, and Mcl-1) can in turn be regulated byapoptosis (Nicholson and Thornberry, 1997). Caspase-
mediated cleavage of a protein that inhibits a latent other, proapoptotic Bcl2 family members that interact
via the Bcl2 homology domain BH3 (Sattler et al., 1997;endonuclease (inhibitor of caspase activated DNAse
[ICAD]) leads to activation of CAD and fragmentation of Conradt and Horvitz, 1998). For example, the ªBH3-onlyº
protein Bad can bind to and inhibit BclX, and its abilitythe cell's DNA (Enari et al., 1998; Sakahira et al., 1998).
While this DNA fragmentation has proved to be a useful to do so can be regulated by phosphorylation. This is
one way signaling molecules such as PKB/AKT can pro-marker of apoptosis (Wyllie, 1980), it appears from stud-
ies on C. elegans lacking nuc-1 (Ellis et al., 1991a), enu- mote cell survival (Zha et al., 1996).
Like Bcl2, the inhibitor of apoptosis (IAP) proteins cancleated cells (Jacobson et al., 1994), and knockout mice
unable to produce active CAD (Zhang et al., 1998a) that inhibit apoptosis, but their site(s) of action is not yet
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known with certainty. Genetic and biochemical evidence cells formed are destined to die, and most of these
cell deaths occur prior to hatching (Ellis et al., 1991b).in insect systems suggests they act upstream of the
caspases by binding to proapoptotic signaling mole- Mutations in egl-1, ced-3, or ced-4 result in the survival
of all of these cells, but the worms overall look andcules such as Reaper (Rpr), Grim, and Head involution
defective (HID) (Hay et al., 1995; Manji et al., 1997; Vucic behave normally and their life span is unaltered. Most
of the ªundeadº cells adopt the fate of their sister cellset al., 1997, 1998), whereas biochemical evidence sug-
gests some mammalian IAPs can directly bind and in- and are able to function. The ability of ced-92/2;
ced-32/2 worms to survive from one generation to thehibit activated caspases (Deveraux et al., 1997).
next, whereas all cells die in ced-92/2 animals, argues
that no major deleterious events (e.g., irreversible lossSignal Transduction Pathways Leading to Death
of mitochondrial function) occur prior to caspase activa-Cell death signals may impinge upon the cell death
tion in programmed cell death.mechanism at any level, and there is evidence for con-
In Drosophila the cell death mechanisms are similar,trol involving both transcriptional and posttranslational
but as yet no CED-9/Bcl2 homologs have been found.mechanisms that use most of the signal transduction
Caspases are required from the earliest stages of Dro-pathways known to exist. In Drosophila, caspase activa-
sophila development, as loss of function of the caspasetion is induced by transcriptional upregulation of rpr,
Dcp-l causes female sterility by inhibiting transfer ofgrim, and hid, but it is not known how they function and
cytoplasm from apoptotic nurse cells to the primaryno vertebrate homologs have been identified. Signaling
oocyte (McCall and Steller, 1998). Caspases are alsomolecules such as Ras can promote survival by causing
required for the death of larval cells, since they persistdownregulation of hid expression and phosphorylation
when the baculoviral caspase inhibitory protein p35 isof HID protein by MAP kinase (Bergmann et al., 1998;
expressed.Kurada and White, 1998).
During metamorphosis larval organs such as the sali-In mammalian cells some apoptosis pathways require
vary glands and gut undergo apoptosis controlled bynew gene transcription (e.g., dexamethasone induced
the steroid hormone ecdysone, which acts at least indeath of lymphocytes), whereas other pathways do not
part by inducing expression of cell death activators rpr,(e.g., apoptosis triggered by CD95). While genes for Bcl2
hid, and grim and by repressing the Drosophila IAP genefamily members, adaptors, and caspases are expressed
DIAP2 (Jiang et al., 1997). Practically no cell deathsat different levels during differentiation of individual cell
occur in embryos with a chromosomal deletion of thetypes, there is little evidence that direct signaling of
rpr, hid, and grim genes (White et al., 1994; Grether etapoptosis is controlled by transcription of these genes.
al., 1995; Chen et al., 1996), and as a consequence theyThe decision for whether a cell will undergo apoptosis
have severe developmental defects and malformations.is usually determined by the nature of signals received
Even the reduction of apoptosis in hid mutants producesfrom outside the cell. When epithelial cells are removed
significant morphogenetic defects, such as defectivefrom the extracellular matrix so that they no longer re-
head involution (and hence the name of the gene).ceive signals from their integrin receptors, they usually
Rpr, HID, and Grim act upstream of the caspases torespond by killing themselves (Frisch and Ruoslahti,
cause them to activate, and they are able to interact1997). Soluble growth factors and cytokines can also
with baculoviral and cellular IAP proteins (Hay et al.,give survival signals, by binding to cellular receptors
1995; Vucic et al., 1997, 1998), but whether they causeand preventing activation of apoptosis by default. Other
cell death by inactivating IAPs, or IAPs protect by inacti-receptors, such as many members of the TNF receptor
vating them, is not known. Two IAP genes have beenfamily, do the opposite and activate death pathways
identified in Drosophila. Deletion of DIAP1 (or threadwhen they are occupied. Some receptors, for example
[th]) is lethal, but one point mutant (th1) is viable, andsteroid receptors, can signal some cells to die and oth-
the aristae on its antennae lack side branches, possiblyers to survive, suggesting that the intracellular signal
as a result of inappropriate cell death (Hay et al., 1995).transduction pathways connecting the receptors to the
The close relationship of developmental, defensive,effector mechanisms can vary between cell types.
and death signaling molecules is illustrated by the Toll-Whether these signals stem from receptors for soluble
Dorsal pathway of Drosophila, which regulates dorsal-cytokines, adhesion molecules, or molecules on the sur-
ventral patterning of the embryo (Hecht and Anderson,face of other cells, they must eventually connect up with
1993; Grosshans et al., 1994). The same signaling path-the apoptosis effector mechanism. A major challenge
way is involved in defense against microorganisms infor the future will be to determine precisely how this is
the fly, and homologous proteins are involved in innateachieved. It is still not known with certainty whether
immunity in vertebrates and in the hypersensitivity re-
growth factors inhibit cell death primarily by turning on
sponse of plants. When ligated, the membrane receptor
and off genes (e.g., Bcl2 homologs, Rpr-like proteins),
Toll signals via Tube to activate the kinase Pelle, which
by phosphorylation of regulators (e.g., the ªBH3-onlyº
signals degradation of Cactus and activation of the NF-
Bcl2 family members Bad and EGL-1), by multimeriza-
kB-like transcription factor Dorsal. The cytoplasmic do-
tion of signaling components, or in other ways.
main of Toll resembles not only the mammalian interleu-
kin 1 receptor (IL-1R) but also the tobacco N gene, which
Apoptosis during Development of Invertebrates confers resistance to tobacco mosaic virus. Pelle is
The most complete understanding of the role of physio- a serine-threonine kinase that resembles IRAK1 and
logical cell death in development is in the nematode C. IRAK2, which signal from the IL-1R, and also resembles
PTO, which is involved in the hypersensitivity responseelegans. In the hermaphrodite, 131 of the 1090 somatic
Cell
250
in the tomato (Whitham et al., 1994; Tang et al., 1996; severe craniofacial abnormalities, brain overgrowth, and
reduced apoptosis in the central nervous system. Mor-Rock et al., 1998). Both Pelle and its mammalian homo-
logs IRAK1 and IRAK2, and Tube and its mammalian phogenesis in other parts of the body was remarkably
normal; for example, the interdigital webbing was re-homolog MyD88, bear death domains (Feinstein et al.,
1995; Cao et al., 1996; Muzio et al., 1997). moved, although this was delayed by a day or so. A
decrease in activation of Caspase 3 was observed that
was similar to that in Caspase 9 nulls, consistent withApoptosis during Mammalian Development
a pathway in which Apaf1 activates Caspase 9, whichApoptosis occurs throughout mammalian development,
in turn can process Caspase 3. Cells lacking Apaf1 re-from the formation of the inner and outer cell mass in
mained sensitive to CD95-induced killing but resembledthe blastocyst (Coucouvanis and Martin, 1995; Brison
cells overexpressing Bcl2 as they were resistant to aand Schultz, 1997) to the ongoing cell death in adulthood
number of other death stimuli (Cecconi et al., 1998; Yo-that maintains homeostasis of cell number by balancing
shida et al., 1998).mitotic cell production. It is involved in the formation of
The fact that cells lacking either FADD or Caspase 8tubes, the separation of the digits, the remodeling of
had the opposite pattern of sensitivity, namely resis-bone, and involution of the mammary glands. In the
tance to death signaled by TNFR1 or CD95 but suscepti-haemopoietic system, cells at each stage of develop-
bility to chemotherapeutic drugs and dexamethasonement are overproduced, and the excess are culled by
(Varfolomeev et al., 1998; Yeh et al., 1998; Zhang etapoptosis. In the thymus, cells that fail to productively
al., 1998b) supports the idea that independent deathrearrange their antigen receptors must be removed. At
signaling pathways converge on downstream effectorlater stages, only thymocytes that are able to react
caspases (Strasser et al., 1995). Although cells lackingwith host MHC molecules survive (positive selection),
Caspase 8 did not die in response to signals from TNFwhereas those bearing antigen receptors that also bind
receptor family members, they still activated Jun kinaseto self-antigens are eliminated (negative selection) (Nos-
and NF-kB normally, showing that Caspase 8 is notsal, 1994).
required for their activation and they aren't sufficient for
cell death. Furthermore, the markedly different pheno-
Caspase and Adaptor Knockouts types of the Caspase 8 and FADD nulls compared to
Some caspases, notably those resembling Caspase 1 knockouts of TNF family members imply the existence
(interleukin 1b converting enzyme [ICE]), play important of signals that require Caspase 8 that are beyond the
roles in inflammation by activating cytokines such as analyzed TNF family members and that are particularly
IL-1b and IL-18, but knockout studies and analysis of critical for cardiac development.
their substrate specificities suggest they may not medi-
ate apoptosis in normal circumstances and have no
major role in development (Li et al., 1995; Thornberry et Bcl2 Family Knockouts
Deletion of the antiapoptotic Bcl2 family members Bcl2al., 1997). However, gene deletion studies have shown
that members of other classes of caspases are required and BclX, and the proapoptotic member Bax, have
shown that these proteins play different and nonredun-for cell death during mammalian development. For ex-
ample, Caspase 82/2 mouse embryos died at day 11 dant roles both during development and for maintaining
cellular homeostasis. Newborn Bcl22/2 mice were viablewith abnormal formation of the heart (Varfolomeev et
al., 1998). Similarly, mice with a deletion in FADD gene but were runted and usually died when a few months
old, usually of renal failure. In the normal fetal kidney,died on days E9±E11.5, showing signs of cardiac failure
and abdominal hemorrhage (Yeh et al., 1998; Zhang et Bcl2 maintains survival during inductive interactions be-
tween epithelium and mesenchyme. Bcl22/2 kidneysal., 1998b).
Mutation of either Caspase 3 or Caspase 9 caused contained fewer nephrons and had greatly increased
apoptosis within the metanephric mass at embryonicperinatal lethality, but in this case the major organ af-
fected was the brain. In Caspase 3 null mice, super- day 12. The subsequent postnatal pathologic progres-
sion to polycystic kidneys may represent a failed at-numerary cells were noted in the CNS by E12, which
resulted in ectopic cell masses comprised of differenti- tempt to compensate for the embryonic loss of nephron
units. This example illustrates the possibility that someated, postmitotic cells. Moreover, dividing progenitors
persisted in the germline. Thus, these mice provide an adult-onset degenerative diseases may have origins in
the loss of critical progenitor cells in fetal development,example of developmental deaths predicted by Glucks-
mann: histogenetic death that controls cell number and which can only be compensated over a finite period.
Bcl22/2 mice also turned gray at the time of the secondmorphogenetic death involved in sculpting structures
(1951). The CNS abnormalities often resulted in embry- hair follicle cycle, reflecting death of melanocytes. He-
matopoietic development was initially normal, includingonic lethality, but even this dramatic phenotype could
be modified by genetic background. In Caspase 9 B and T lymphocyte selection and their population of
lymphoid organs. However, at later stages the lymphoidknockouts, Caspase 3 was not activated, suggesting
Caspase 9 is upstream of Caspase 3. Caspase 92/2 cells organs involuted due to massive cell death, indicating
a failure to maintain homeostasis in both B and T cellwere resistant to g irradiation and dexamethasone but
remained sensitive to killing signaled by TNFa or ligation lineages (Veis et al., 1993).
The BclX2/2 phenotype was much more severe, withof CD95 (Kuida et al., 1996, 1998; Hakem et al., 1998).
Apaf1 knockouts closely resembled Caspase 3 and mice dying at embryonic day 13, exhibiting extensive
cell death among postmitotic immature neurons in theCaspase 9 deficient animals and died perinatally with
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developing brain, spinal cord, and dorsal root ganglia. Just as many of the pathways that allow external fac-
tors to regulate cell death are incompletely understood,Moreover, chimeras revealed that survival of immature
BclX2/2 thymocytes was shortened (Motoyama et al., the pathways by which a cell monitors its internal envi-
ronment are largely mysterious. Clearly cells are able to1995).
Elimination of BclW resulted in a viable but sterile detect and respond to many metabolic disturbances by
committing suicide, hence the extensive literature onmouse due to progressive testicular degeneration (Print
et al., 1998; Ross et al., 1998). BclW expression in the inducers of apoptosis. It is possible some of these cell-
autonomous monitoring processes evolved to detecttestis was restricted to elongating spermatids and Ser-
toli cells. In its absence, all stages of germ cells gradually changes induced by infectious particles, such as vi-
ruses. In a complex, long-lived organism such as a verte-became depleted, and eventually Sertoli cells were also
lost, resulting in failed spermatogenesis. brate, it is not surprizing that the cell cycle is one process
that is watched particularly closely. The product of theMice lacking the proapoptotic protein Bax were via-
ble, indicating Bax is not required for development, but p53 gene is part of a such a mechanism that monitors
the cell cycle (Lane, 1992; Prives, 1998). While p53 isthe mice were infertile (Knudson et al., 1995). Bax2/2
seminiferous tubules were markedly disorganized with not required for development, when activated by dam-
aged or foreign DNA, or a disturbed cell cycle, it canmultinucleated giant cells, clusters of apoptotic germ
cells, and no mature sperm. This follows a failure or the halt the cell cycle and or activate the apoptotic program.
normal prepubertal death of spermatagonia leading to
expansion of the premeiotic 2N cell population. The con- Concluding Remarks
sequence of failure of Bax-dependent developmental In metazoans, physiological cell death is, like cell divi-
deaths is a later organ failure marked by paradoxic cell sion, a process of fundamental importance. While the
death during meiosis. This illustrates the complexity of mechanisms that implement apoptosis are understood
the ultimate pathologies when cell survival is disturbed in detail, much more is to be learned of the complex
in an organ that depends on interactions between multi- regulatory processes that control cell death in normal
ple different cell types. Conversely, Bax2/2 ovaries accu- development. Knowledge gained will be of immense
mulated atrophic granulosa cells and excess primary folli- benefit in understanding the role of the same physiologi-
cles that failed to undergo their normal developmental cal cell death pathways in disease.
apoptosis (Perez et al., 1997). Remarkably, Bax2/2 sym-
pathetic neurons do not require NGF for survival, and
Acknowledgmentsmotor neurons survive disconnection from their targets
following axotomy (Deckwerth et al., 1996). Bax defi-
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ciency separated the survival from the anabolic action from the National Health and Research Council (RegKey 973002)
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